and pyocyanin, in which AprA was shown to contribute to pyocyanin production. Editor: Kendra Rumbaugh
INTRODUCTION
Pseudomonas aeruginosa is ubiquitous and found in diverse types of environment, including soil, freshwater and marine environments. It is also a known opportunistic pathogen of vertebrates, invertebrates and plants (Jarrell and Kropinski 1982; Jander, Rahme and Ausubel 2000) . Pseudomonas aeruginosa produces a wide range of proteinaceous virulence factors, including cytotoxins (ExoA, ExoU, ExoS), elastase B, alkaline protease (AprA) and protease IV (Iglewski, Liu and Kabat 1977; Choy et al. 2008) .
AprA is a zinc-dependent metalloprotease, and is one of the most-studied virulence factors of P. aeruginosa. AprA cleaves various proteins including laminin, human interferon-γ (IFN-γ ), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (Hoge et al. 2010) . Laminin is an important and biologically active component of the basal lamina. IFN-γ is a key factor in innate and adaptive immunity, while TNF-α and IL-6 are important for the regulation of immune cells and the host immune response during infection, respectively. Therefore, degradation of these proteins by AprA may result in impaired host immune response.
Moreover, AprA can inhibit neutrophil functions, especially by interfering with chemotaxis of neutrophils, allowing bacterium escape from phagocytes of the host defense system (Hoge et al. 2010 ). Furthermore, it was shown that AprA interfered with the classical and lectin pathway-mediated complement activation via the cleavage of C2 (Laarman et al. 2012) . Thus, AprA is an important virulence factor and contributes toward the pathogenicity of P. aeruginosa.
In addition to the proteinaceous virulence factors, P. aeruginosa produces pyocyanin, a phenazine pigment, as another virulence factor. Pyocyanin generates reactive oxygen species. It is non-enzymatically reduced by NAD(P)H, and reduced pyocyanin rapidly reacts with molecular oxygen to produce superoxide and hydrogen peroxide. These reactive oxygen species induce oxidative stress in host cells (Hassan and Fridovich 1980; Davis and Thornalley 1983) .
Several amino acids are known to be essential for pyocyanin synthesis. Glycine, DL-alanine, DL-valine and L-tyrosine were shown to promote pyocyanin production when employed as the sole nitrogen source. In particular, the addition of L-leucine to media containing glycine or DL-alanine markedly increased pyocyanin formation (Burton, Eagles and Campbell 1947) . Sismaet, Webster and Goluch (2014) demonstrated the electrochemical detection of pyocyanin, and showed that tyrosine had the greatest effect in upregulating pyocyanin production. In addition to their role as virulence factors, proteases contribute to the acquisition of nutrients including peptides and amino acids for bacterial growth and proliferation (Supuran, Scozzafava and Clare 2002) . Based on these findings, we hypothesized that AprA can promote pyocyanin production by supplying peptides and/or amino acids to P. aeruginosa. Therefore, the contribution of AprA to pyocyanin production was investigated in the present study.
MATERIALS AND METHODS

Media
Luria-Bertani (LB, Lennox; Sigma-Aldrich, St. Louis, MO), brainheart infusion (BHI; Nissui Pharmaceutical Co., Tokyo, Japan), BBL Mueller-Hinton (MH; Becton, Dickinson and Company, Franklin Lakes, NJ) and Bacto tryptic soy (TS; Becton, Dickinson and Company) broths were used as commercially available media.
Protein-rich liquid media were prepared based on a glycerolalanine broth (Chieda et al. 2005) . Briefly, 2× basal medium containing 4% (v/v) glycerol, 1.6 mM K 2 HPO 4 , 40 mM MgCl 2 , 200 mM Na 2 SO 4 and 0.82 mM ferric citrate was autoclaved. Protein aqueous solutions (2% casein, skim milk or gelatin) were separately autoclaved. After cooling, each protein solution was mixed with an equal volume of 2× basal medium. Sterilized water and 0.8% DL-alanine were used as the negative (basal medium) and positive (glycerol-alanine medium; GA) controls, respectively, in lieu of a protein solution.
Since Pseudomonas aeruginosa strains used in this study harbored pBBR1MCS-5 or its derivative (Kovach et al. 1995; Takahashi et al. 2016) , gentamicin (SERVA Electrophoresis GmbH, Heidelberg, Germany) was supplemented in the media at a final concentration of 30 μg ml −1 .
Bacterial strains and culture conditions
Pseudomonas aeruginosa PAO1 (pBBR1MCS-5), EG03 (pBBR1MCS-5) and EG03 (pAprcomp-MCS5) were used in this study (Takahashi et al. 2016) . EG03 is an AprA-deficient mutant strain of PAO1. This non-polar, markerless mutant strain was constructed by 906-bp deletion of the aprA region. The pAprcomp-MCS5 plasmid is a pBBR1MCS-5 derivative containing 9.1-kb aprX−aprD−aprE−aprF−aprA region of PAO1 (Takahashi et al. 2016) and was used for genetic complementation of aprA. Each strain was aerobically cultured in LB broth at 30
• C overnight to a density of approximately 10 10 cfu ml −1 . One loopful of bacterial suspension (∼6.7 μl) was subcultured in 3 ml of test broths for 48 h under the same conditions. Viable cells were counted by plating dilutions on LB medium containing gentamicin (30 μg ml −1 ).
Pyocyanin extraction and quantitation
The pyocyanin quantitation assay was carried out as previously described (Essar et al. 1990; Chieda et al. 2008) . Briefly, pyocyanin was extracted with chloroform from the culture supernatant and subsequently re-extracted into 0.2 M hydrochloric acid. The absorbance of this solution was measured at 520 nm.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and gelatin zymography
To analyze total proteins, 10 μl of sample containing 5 μl of culture supernatant was loaded into each well (2.9 mm in width) of a 10% acrylamide gel. Proteins were resolved under reducing conditions at 20 mA. After electrophoresis, proteins were stained with Coomassie Brilliant Blue (CBB) R-250 (Nacalai Tesque, Kyoto, Japan). For zymography, 4 μl of sample (containing 2 μl of culture supernatant) was loaded into each well of a separation gel containing 0.1% gelatin. Electrophoresis was carried out at 15 mA (maximum voltage of 80 V). After electrophoresis, SDS in the gel was removed by incubation in 100 ml of 2.5% Triton X-100 for 15 min, twice. The gel was subsequently incubated in a reaction buffer containing 50 mM Tris-Cl (pH 7.5), 200 mM NaCl, 0.02% Brij 35, 5 mM CaCl 2 and 1 mM ZnCl 2 at 37
• C overnight. Protease activity was visualized by CBB staining. Unstained marker (Pierce Unstained Protein MW Marker; Thermo Fisher Scientific K.K., Kanagawa, Japan) and prestained marker (APRO life Science Institute Inc., Tokushima, Japan) were used as molecular mass markers for gel electrophoresis.
To quantitatively determine aprA activity, appropriate dilutions of the supernatants were analyzed by zymography. LB culture filtrate of PAO1 (pBBR1MCS-5) was included in each gel electrophoresis procedure as a standard. Intensity of the aprA activity band was quantified by ImageJ 1.42q (National Institutes of Health, USA; http://rsb.info.nih.gov/ij). After accounting for the dilution factor, the values were presented relative to that of the standard.
Assessment of total protease activity
Total activity of proteases was measured according to a method described by Benitez, Silva and Finkelstein (2001) with modifications (Takahashi et al. 2016) . Briefly, 50 μl of culture supernatant was mixed with 50 μl of substrate solution containing 5 mg ml −1 azocasein, 100 mM Tris-Cl (pH 8.0) and 5 mM CaCl 2 , and then incubated at 37
• C for 1 h. The reaction was stopped by adding 200 μl of 10% trichloroacetic acid, and the samples were incubated at 4
• C for 15 min. After centrifugation (20 600× g, 4
• C, 5 min), the supernatant (150 μl) was transferred to 175 μl of 525 mM NaOH, and the absorbance at 440 nm was measured. As negative controls, a fraction of each culture supernatant was inactivated by heating at 95
• C for 10 min. One azocasein unit is defined as the amount of enzyme required to produce a 0.01 unit increase in absorbance at 440 nm in 1 h, using the negative control as baseline.
Statistical analysis
All tests were performed in triplicate. Statistical significance was evaluated by Student's t-test using the KaleidaGraph 4.1.4 (HULINKS Inc., Tokyo, Japan). Values of P ≤ 0.05 were considered statistically significant.
RESULTS
Production of AprA and pyocyanin in common media
Pseudomonas aeruginosa PAO1 produced AprA in all common media evaluated (Fig. 1) . The intensity of distinct gelatinolytic bands suggested that the amount of AprA in LB broth was lower than that in other media. There was no active band detected in the deletion mutant, EG03. Complementation of aprA by plasmid resulted in AprA overexpression. In EG03 (pAprcomp-MCS5) lanes, several distinct bands were detected at lower molecular mass region, which were presumed to be truncated AprA molecules. (pBBR1MCS-5) and EG03 (pAprcomp-MCS5) in various common media. Results are presented as the mean ± standard error (n = 3). Data were analyzed by Student's t-test ( * , P < 0.05; * * , P < 0.01; ns, not significant).
Pyocyanin concentration was found to be varied among different media tested (Fig. 2) . PAO1 produced pyocyanin at concentrations of 3.42, 2.77, 0.26 and 0.23 μg ml −1 in LB, MH, BHI and TS, respectively. In EG03, a significant decrease of pyocyanin concentration relative to that of PAO1 was observed only in LB. In LB and MH, the complemented strain and PAO1 produced comparable levels of pyocyanin. In BHI and TS, aprA complementation resulted in a remarkable increase in pyocyanin production, with concentrations reaching 14.0-and 3.6-fold in BHI and TS, respectively, relative to those observed with PAO1.
Production of pyocyanin and AprA in protein-rich media
PAO1 and EG03 produced limited amount of pyocyanin in protein-rich media in this study (Fig. 3) . However, the complemented strain produced pyocyanin at 1.55 and 3.83 μg ml −1 in media containing casein and skim milk, respectively. In contrast, no increase of pyocyanin was observed in gelatincontaining medium. AprA was not detected in any of the PAO1 supernatants by zymography (Fig. 4, upper panel) . Although the complemented strain produced a large amount of AprA in casein-or skim milkcontaining medium, gelatin was ineffective for AprA induction.
Degradation of these proteins was also assessed by SDS-PAGE (Fig. 4, lower panel; Fig. S1 , Supporting Information). (pBBR1MCS-5) and EG03 (pAprcomp-MCS5) in basal, protein-rich and glycerolalanine media. Results are presented as the mean ± standard error (n = 3). Data were analyzed by Student's t-test ( * , P < 0.05; * * , P < 0.01; ns, not significant).
Casein degradation was observed only in the culture of complemented strain. Despite weak signals, skim milk appeared to be digested by PAO1 and the complemented strain. The putative AprA band was detected in the complemented strain cultured in casein and skim milk media. Gelatin was partially degraded by PAO1 and was almost completely digested by the complemented strain.
Relationship between total protease and pyocyanin
The correlation between total protease activity and pyocyanin production was shown in Fig. 5 . In EG03, total protease activity was detected only in LB, but not in other media evaluated in this study. These results suggested that other proteases were not produced under these culture conditions. Therefore, the total protease activity in these media can be solely attributed to the activity of AprA. As shown in Fig. 5 , the correlation between AprA activity and pyocyanin production can be categorized into three patterns: (1) high correlation between AprA and pyocyanin productions (as in panel B); (2) no pyocyanin production (as in panels E and H); and (3) increased pyocyanin production only by AprA overexpression (as in panels C, D, F and G). In contrast, because there was no significant difference between the total protease activity of PAO1 and EG03 in LB (panel A), the activity observed may be due to other proteases in the broth. In LB, BHI, MH, TS and basal media, the viable cell numbers were not significantly different among the P. aeruginosa strains grown in the same medium (Fig. 6) . In contrast, in proteinrich media, the complemented strain's cell number was significantly higher than that of PAO1 or EG03. The cell numbers for PAO1 (pBBR1MCS-5), EG03 (pBBR1MCS-5) and EG03 (pAprcomp-MCS5) in GA were 9.95 × 10 8 , 8.58 × 10 8 and 1.09 × 10 9 cfu ml −1 , respectively (Fig. 6, horizontal gray lines) . The concentrations of pyocyanin produced at these densities were 22.03, 19.46 and 34.90 μg ml −1 for PAO1 (pBBR1MCS-5), EG03 (pBBR1MCS-5) and EG03 (pAprcomp-MCS5), respectively (Fig. 3) . Despite the differing concentration of pyocyanin produced by these strains, pyocyanin production in GA was confirmed at the abovementioned bacterial densities. Except for when grown in basal medium, all strains showed comparable or higher levels of growth in all media when compared to the growth levels in GA.
In conclusion, AprA did not negatively affect pyocyanin production, and in some cases, AprA promoted the production.
DISCUSSION
This study demonstrated that AprA could contribute to pyocyanin production in Pseudomonas aeruginosa. Pseudomonas aeruginosa regulates pyocyanin production via an autoinducerdependent quorum sensing, which is associated with the bacterial density (Latifi et al. 1995) . Higher densities of the Values of pyocyanin production shown in Figs 2 and 3 are shown again for comparison. Circles, triangles, and squares represent PAO1 (pBBR1MCS-5), EG03 (pBBR1MCS-5) and EG03 (pAprcomp-MCS5), respectively. Results are presented as the mean ± standard error (n = 3). Data were analyzed by Student's t-test ( * , P < 0.05; * * , P < 0.01). Dashed, solid, and dotted lines indicate comparisons between PAO1 (pBBR1MCS-5) and EG03 (pBBR1MCS-5), EG03 (pBBR1MCS-5) and EG03 (pAprcomp-MCS5), and PAO1 (pBBR1MCS-5) and EG03 (pAprcomp-MCS5), respectively. When line is not provided, the difference is not statistically significant.
complemented strain in protein-rich media suggested that protein digestion products were used for bacterial growth as nutrients (Fig. 6 ). PAO1 produced abundant pyocyanin in GA medium; except for when grown in basal medium, the density of all strains in other media evaluated was comparable or higher than the density of PAO1 in GA medium (Fig. 6) . Although concentration of the autoinducer was not determined in this study, this result suggested that the autoinducer was accumulated above the minimum threshold required for pyocyanin production in these media, assuming that the threshold values in protein-rich media and GA are comparable. However, the minimum threshold of autoinducer for pyocyanin production in these media will need to be evaluated in future studies to determine the precise mechanism. Although AprA activity of the complemented strain was comparable in casein-and skim milk-containing broths (Fig. 4) , pyocyanin production differed (Fig. 3) . Because skim milk contains 31.18% casein, 7.53% whey protein, 52.15% lactose, 8.06% ash and 1.08% fat (Chandan 1997) , components other than casein probably promoted the pyocyanin production. Pyocyanin production by EG03 in MH (Fig. 5, panel B) suggested that peptides in the media may be utilized for pyocyanin biosynthesis without degradation by protease. Because non-AprA protease activity was detected in LB (Fig. 5, panel A) , AprA may partially contribute to pyocyanin production in LB. In other media tested, comparable pyocyanin levels were observed for PAO1 and EG03, but the levels were higher for the complemented strain. This result suggested that more AprA molecules were needed for optimal pyocyanin production in PAO1, although this was dependent upon the type of substrate.
Commercially available media contain different components as the amino acid or peptide source: 1% tryptone in LB; 0.3% beef extract and 1.75% acid hydrolysate of casein in MH; 0.75% brain extract, 0.8% heart extract and 1% peptone in BHI; 1.7% pancreatic digest of casein and 0.3% enzymatic digest of soybean meal in TS. The amount of total amino acid and peptide (20% trichloroacetic acid soluble fraction) in these media ranged between 46 and 59 mM (Fig. S3, Supporting Information) . Since the levels were comparable, the difference in pyocyanin production could not be explained only by the total amount of amino acid and peptide. Although amino acid and peptide compositions are critical for understanding the variation in pyocyanin production, details on the composition of commercially available media are limited (Zimbro and Power 2003; Sezonov, Joseleau-Petit and D'Ari 2007) . In addition, the media composition may vary depending on the source of materials used and methods of preparation. Therefore, the composition of each amino acid and peptide will need to be accounted to determine the relationship between the media and pyocyanin production.
The complemented strain, which overproduced AprA, displayed a remarkable increase in pyocyanin production. Because aprA was introduced into the deletion mutant using a multicopy plasmid, pBBR1MCS-5 (Kovach et al. 1995) , the overexpression was thought to be caused by a gene dosage effect. PCR was used to estimate the copy number of aprA gene (Fig. S2 , Supporting Information). Assuming that the chromosomal and plasmid DNA functions similar to PCR templates, ∼15 copies of the aprA gene were present in the complemented strain. Although one copy of aprA can be found in the chromosomal DNA of native P. aeruginosa (Winsor et al. 2016) , gene multiplication may be achieved by gene duplication in the chromosome or translocation to plasmid. In this study, the native aprA promoter was used for the complementation. To define the precise relationship between the aprA copy number and pyocyanin production, a regulatable gene expression system such as the arabinose-inducible system can be utilized in future studies.
AprA is one of the most important virulence factors in P. aeruginosa, and its overexpression promoted the and EG03 (pAprcomp-MCS5), respectively. Statistical differences between the graphed values and growth level of the positive control were analyzed by Student's t-test ( †, P < 0.05; † †, P < 0.01; ns, not significant).
production of another virulence factor, pyocyanin, a phenomenon referred to as the 'crosstalk between virulence factors'. Thus, AprA-overexpressing P. aeruginosa may show hyper-virulence by a synergistic effect and pose as a health threat. Although the current study focused on AprA as one of P. aeruginosa proteases, results shown in Figs 2 and 5A suggested that other proteases can also contribute to pyocyanin production in LB broth. Therefore, future studies should also assess the correlation between other proteases and pyocyanin production. Furthermore, because only one strain was examined in this study, future studies should assess whether this crosstalk is also present in other P. aeruginosa strains. Various novel strategies for the treatment of P. aeruginosa infection have been proposed (Wagner et al. 2016) . The quorum sensing mechanism and protein secretion system are involved in the production of multiple virulence factors; therefore, these systems are attractive therapeutic targets. AprA can also serve as an effective target, because suppression of AprA may result in the reduction of both AprA and pyocyanin. Thus, it is important to study the crosstalk between virulence factors in various pathogens in order to understand pathogenesis and to establish novel therapeutic strategies.
